INTRODUCTION
In the past 10 years, bacterial spot of pumpkin, caused by Xanthomonas cucurbitae (exBryan) Vauterin et al. (1995) [syn. X. campestris (Pammel) Dowson pv. cucurbitae (Bryan) Dye], has become one of the most important diseases of pumpkin [Cucurbita pepo L. and C. moschata (Duchesne) Duchesne ex Poir] in Illinois and other Midwestern states of the United States Babadoost and Zitter 2009; Ravanlou and Babadoost 2015) . Field surveys during [2009] [2010] [2011] [2012] [2013] showed that the disease occurred in more than 80% of pumpkin fields in Illinois, causing up to 90% yield losses in some fields Ravanlou and Babadoost 2015) .
Bacterial spot was first reported on 'Hubbard' squash in a New York garden in 1926 (Byran 1930) . Since then, the disease has been reported from Asia, Australia, Europe, and North America on cucumber, pumpkin, squash, and watermelon Bineeta et al. 1999; Dutta et al. 2013; Lamichhane et al. 2010; Pruvost et al. 2008; Pruvost et al. 2009; Williams and Zitter 1996) . Disease outbreaks have been reported on cucumber, gourd, pumpkin, and summer and winter squash in warm, humid areas (Williams and Zitter 1996) .
Xanthomonas cucurbitae infects leaves and fruit. Symptoms on leaves are small (2 to 4 mm), chlorotic to beige spots (Babadoost and Zitter 2009; Williams and Zitter 1996) . On fruit, small, slightly sunken, circular lesions, 1 to 3 mm in diameter, with a beige center and dark brown halo develop. Secondary fungi and bacteria may colonize the spots, resulting in enlarging lesions cracking the epidermis (Babadoost and Zitter 2009) . In wet conditions, fruit with bacterial spot usually collapses and rots; therefore, the affected fruit is not accepted for marketing. As few as one bacterial lesion on fruit may result in fruit rot (Ravanlou and Babadoost 2015) . Xanthomonas cucurbitae has been reported as a seed-borne pathogen in cucurbits (Williams and Zitter 1996) .
At present, there is no pumpkin or other cucurbit cultivar resistant to X. cucurbitae available; no effective seed treatment for eradication of X. cucurbitae in cucurbit seed has been developed; and no reliable crop rotation for managing bacterial spot has been established. Growers mainly rely on spray applications of copper compounds for suppressing disease development.
The first step for management of bacterial spot of cucurbits is planting pathogen-free seed (Moffett and Wood 1979; Williams and Zitter 1996) . Since there is no simple and reliable method for detection of X. cucurbitae in cucurbit seed available, growers are advised to get the seed from a reliable source. Several investigators have tested potential chemical compounds and biocontrol agents for control of Xanthomonas spp. on various crops. Thirumalahar et al. (1956) reported that chloramphenicol, streptomycin sulfate, terramycin, and aureomycin inhibited colony development of X. phaseoli pv. sojense. Mahir et al. (2005) found that streptomycin sulfate, mancozeb (Dithane M-45), oxytetracycline (Agrimycin-100), carboxin (Vitavax), benomy (Benlate WP), and copper oxychloride (Cobox) inhibit multiplication of X. campestris pv. citri, and streptomycin sulfate was the most effective among these. In a study conducted by Roberts et al. (2008) , famoxadane + cymoxanil (Tanos 50D WG) was reported to be effective in suppressing bacterial spot of tomato, caused by X. perforans.
Antagonism of eight Bacillus isolates was investigated against nine isolates of X. campestris pv. campestris (causal agent of black rot of crucifers), and it was reported that four of the Bacillus isolates (R14, RAB7, C116, and C210) produced inhibition zones (Monteiro et al. 2005) . Roberts et al. (2008) reported that acibenzolar-s-methyl (ActiGard 50 WG), a systemic acquired resistance inducer, reduced the severity of bacterial spot of tomato. No report is available on testing above-mentioned chemical compounds, biocontrol agents, or inducers for management of bacterial spot of cucurbits. This study was conducted to evaluate the efficacy of some selected chemical compounds and biocontrol agents on multiplication of X. cucurbitae in the laboratory and bacterial spot development in the field.
TESTING OF CHEMICAL COMPOUNDS AND BIOCONTROL AGENTS
Seventeen chemical compounds and five biocontrol agents were tested for their efficacy for management of X. cucurbitae (Table 1) . Nine of the 17 tested chemicals were copper compounds.
Laboratory evaluation of chemical compounds. Eleven chemical compounds (Table 2 ) with the known bactericidal effects were tested in the laboratory to determine their effective concentration for 50% reduction in X. cucurbitae cell multiplication (EC 50 ) in nutrient broth (NB) and casitone yeast extract broth (CYE). NB was prepared by adding 8 g of Difco nutrient broth to 1,000 ml distilled water. CYE contained 1.7 g casitone, 2 g glucose, and 0.35 g yeast extract in 1,000 ml of distilled water. The spectrophotometric method was used to measure the cell density as described by Dominguez et al. (2000) .
Ten isolates of X. cucurbitae collected from 10 counties throughout Illinois (Calhoun, Champaign, DeKalb, Henry, Jefferson, Kankakee, McLean, Moultrie, Ogle, and Putnam counties) were used in this study. Each isolate was cultured separately on Luria Bertani agar (LB) medium in petri plates, incubated in the dark at 28 ± 1°C for 3 days. Colonies were washed with sterile distilled water (SDW), and the bacterial suspension was adjusted to 10 8 colony forming unit (CFU) per ml using a spectrophotometer (Smart Spec 3000, Bio-Rad, Philadelphia, PA).
The efficacy tests of the chemical compounds were performed in NB and CYE media in sterile 24-well tissue culture plates (BD Labware, Franklin Lakes, NJ). First, the lethal concentration (as part per million = ppm) of each chemical compound was determined in nutrient agar in petri plates. The lethal concentration of a chemical compound was the concentration that completely prohibited cell multiplication and colony forming of X. cucurbitae in the medium. Then, for each chemical compound, five different concentrations were selected. The minimum concentration chosen reduced less than 50% cell multiplication and maximum concentration reduced 100% cell multiplication compared to control plate without chemical. Media were freshly prepared each time and amended with the five different selected concentrations of chemical compound, before being pipetted into the 24-well tissue culture plates. Fifty microliters of the bacterial suspension (grown on LB medium and with 10 8 CFU/ml SDW) were added to 2 ml of the broth in each well. The plates were placed on a shaker at 100 rpm, at 30°C for 24 hr as described by Mahmood et al. (2011) . Each test included two controls, one with non-amended culture medium with bacterial suspension, and the other was chemical-amended but without bacterial suspension. Bacterial cell density was assessed using the spectrophotometer at OD 600 nm (optical density), as described by Dominguez et al. (2000) . Each isolate was tested twice with four replications.
The accuracy of measuring bacterial cell density by the spectrophotometer was verified using an agar-count method similar to that reported by Domingueza et al. (2008) . The EC 50 value of Kocide-3000 41.6 DF was tested with both spectrophotometric and agar-count methods. All 10 previously mentioned isolates of X. cucurbitae were tested. The bacterial suspensions were prepared in the same way as in the abovementioned spectrophotometric method. Then, the bacterial suspension of 10 8 CFU/ml was diluted to 10 3 CFU/ml. Nutrient agar (NA) medium was amended with Kocide-3000 41.6 DF. Using a sterilized bent glass rod, 100 µl of 10 3 CFU/ml was spread onto NA medium in each petri plate, and the plates were incubated in the dark at 28 ± 1°C. Colony forming units were calculated 3 days after incubation.
Laboratory evaluation of biocontrol agents. The same 10 isolates of X. cucurbitae used for testing chemical compounds were used for testing biocontrol agents. Xanthomonas cucurbitae isolates were cultured in the same way as in agar count method for Kocide-3000 41.6 DF. Commercial products of biocontrol agents were tested by pipetting 10 µl of the biocontrol agent onto surface of the X. cucurbitae cultured plate. SDW was used as a control. Clear zones of inhibition were measured after 3 days of incubation in the dark at 28 ± 1°C. Each isolate was tested twice with four replications (four plates). Chemical compounds trial in 2012. The experiment was performed using a randomized complete block design with three replications. Seeds of jack-o-lantern pumpkin 'Howden' were sown 2.5 cm deep, 46 cm apart in 6-m-long single-row plots, on 6 June. The plots were spaced 10 m apart, and each plot had 12 plants. Plants were inoculated twice with X. cucurbitae (5 × 10 7 CFU/ml) mixed with carborundum powder (0.5 g carborundum/ liter inoculum) on 23 July (beginning of flowering stage) and 13 August (fruit setting stage) using a backpack sprayer. The first inoculation was for establishing infection in leaves and the second inoculation mainly aimed for establishing fruit infection.
Chemical compounds were spray-applied with a backpack sprayer using 473 liters of water per ha. The first application of the chemical compounds was either on 19 July (pre-inoculation) or on 26 July (post-inoculation). Then, the chemical compounds were applied at 7-day intervals until 6 September. Incidence (percent symptomatic leaves) and severity (percent symptomatic area of leaves) of bacterial spot were assessed on 25 August and 11 September. Incidence and severity of bacterial spot on fruit were assessed on 23 September. Severity of the disease on leaf and fruit was evaluated using a scale of 0 to 7: 0 = 0; 1 = 1; 2 = 2 to 5; 3 = 6 to 15; 4 = 16 to 30; 5 = 31 to 50; 6 = 51 to 70; and 7 = 71 to 100% of leaf or fruit surface with lesions. In each plot, five vines were randomly selected and leaves of these vines and all of the fruit in the plot were assessed for the occurrence of bacterial spot. Fruit were harvested on 23 September.
Biocontrol agents trial 2012. The experiment was conducted using a randomized complete block design with three replications.
Seeds of jack-o-lantern pumpkin 'Howden' seedlings were planted in 48-cell trays containing steamed soil mix (soil:sand:peat; 1:1:1) in a greenhouse and 10-day-old seedlings were transplanted on 25 June. The plots (each with 12 plants) were spaced 10 m apart, as described in the previous experiment. Plants were inoculated twice with X. cucurbitae (5 × 10 7 CFU/ml) on 30 July (beginning of flowering stage) and 13 August (fruit setting stage), as described in the chemical compounds trial. Biocontrol agents were applied with a backpack sprayer using 473 liters of water per ha. Application of biocontrol agents begin on 26 July (pre-inoculation application) and continued at 7-day intervals until 6 September. The scale used to assess severity of bacterial spot on leaves and fruit was the same as the chemical compounds trial. In each plot, five vines were randomly selected and leaves of the vines and all of the fruit in the plot were evaluated for occurrence of bacterial spot.
Average monthly high/low temperatures (°C) were 31/16, 35/21, 31/17, and 26/13 during the dates 6 to 30 June, July, and August, and 1 to 23 September, respectively. Recorded precipitation in the field was 3 days (42 mm) during 6 to 30 June, 1 day (3 mm) in July, 4 days (77 mm) in August, and 6 days (150 mm) during 1 to 23 September. Also during 16 July to 1 September, plants were irrigated with approximately 13 mm water every 4 days, delivered through a drip irrigation system. Overall, June to August of 2012 in central Illinois was warmer and drier than normal years.
Chemical compounds and biocontrol agents trial in 2013. The trial was performed in a randomized complete block design with three replications. Seeds of jack-o-lantern pumpkin 'Howden' were directly sown in the field on 4 June. Plot size and number of plants per plot were the same as in 2012. Plants were inoculated three times with X. cucurbitae (5 × 10 7 CFU/ml) on 27 July (beginning of flowering stage), 19 August (fruit setting stage), and 2 September (color change of fruit from green to orange). Chemical compounds were spray-applied either on 24 July (preinoculation) or on 30 July (post-inoculation). All biocontrol agents were applied on both 24 July and 30 July. From 6 August until 10 September, all chemical compounds and biocontrol agents were applied at 7-day intervals. Incidence and severity of bacterial spot on leaves were assessed on 15 September and on fruit on 25 September. In each plot, leaves of five randomly selected vines were evaluated for the occurrence of bacterial spot. All fruit in the plots were assessed for incidence of bacterial spot, but severity of the disease on fruit was assessed by evaluating only five randomly-selected fruit in each plot. Fruit were harvest on 25 September.
Average monthly high and low temperatures (°C) were 29/16, 28/17, 29/17, and 28/14 during 4 to 30 June, July, August, and 1 to 25 September, respectively. Recorded precipitation in the field was 4 days (117 mm) during 4 to 30 June, 4 days (91 mm) in July, 1 day (6 mm) in August, and 1 day (6 mm) during 1 to 25 September. Plots were also watered on 4 September using irrigation gun equipment, which delivered 25 mm water. Overall, August and September of 2013 in central Illinois was drier than normal years.
Data analysis. All statistical analysis was performed using SAS 9.4 (SAS Institute Inc. Cary, NC). EC 50 values of chemical compounds were analyzed using macros in SAS according to the method described by Wise et al. (2008) . Comparison of EC 50 values of chemical compounds in two media were made using PROC GLM. Correlation of EC 50 values between NB and CYE media were determined in MS-Excel. Comparison of cell density determined by the spectrophotometer method and the agar-count method of Kocide-3000 41.6 DF was carried out using PROC GLM. For the field data, homogeneity of variances was tested using the Brown-Forsyth test and were checked for normality to meet valid assumptions. Data were analyzed using ANOVA in PROC MIXED. Field data of 2012 and 2013 were analyzed separately because in 2012, we had separate trials for chemical compounds and biocontrol agents, whereas in 2013, all chemical compounds and biocontrol agents were tested in the same trial.
EFFECTS OF CHEMICAL COMPOUNDS ON MULTIPLICATION OF X. CUCURBITAE IN LABORATORY
Cell density of X. cucurbitae measured by the spectrophotometric method and number of CFU determined by the agarcount method of Kocide-3000 41.6 DF was not significantly different (P = 0.3609) from each other. There were significant differences among the EC 50 values of all eleven chemical compounds in NB and CYE medium ( (Table 2) .
EFFECTS OF BIOCONTROL AGENTS ON MULTIPLICATION OF X. CUCURBITAE IN LABORATORY
All tested biocontrol agents produced distinct zones of inhibition around the biocontrol drops, by inhibiting multiplication of X. cucurbitae in their vicinities. Regalia did not produce any inhibition zone of X. cucurbitae in petri plates. Inhibition zones produced by Sonata ASO was less clear than those of other biocontrol agents (Fig. 1) . The inhibition zones on LB culture medium ranged from 3.1 mm for Sonata ASO to 10.6 mm for Actinovate AG (Fig. 2) .
EFFECTS OF CHEMICAL COMPOUNDS AND BIOCONTROL AGENTS ON INCIDENCE AND SEVERITY OF BACTERIAL SPOT IN THE FIELD
Severity of bacterial spot on leaves was significantly (P = 0.0001) lower in the plots sprayed with chemical compounds compared to that of control plots in 2012 (Table 3) . On 25 August (29 days prior to harvesting crops), severity of bacterial spot on leaves in treated plots ranged from 1.50 to 2.56%, whereas severity of the disease on leaves in control plots was 8.07%. On 11 September (12 days prior to harvesting crops), severity of bacterial spot on leaves in treated plots ranged from 2.80 to 6.93% compared to control plots with 11.48 % disease severity (Table 3 ). The lowest severity of bacterial spot on leaves was in the plots sprayed with Mycoshield 40 WSP.
FIGURE 1
Inhibition zone produced by 10 μl of biocontrol agent against Xanthomonas cucurbitae after 3 days of culture in the Luria Bertani medium. Sterile distilled water was used as control. Actinovate = Streptomyces lydicus, strain WYEC 108; Cx-9030 = Bacillus amyloliquefacien, strain D747; Serenade = Bacillus subtili, strain QST 713; and Sonata = Bacillus pumilus, strain QST 2808.
FIGURE 2
Inhibition zone of multiplication of Xanthomonas cucurbitae produced by biocontrol agents on the Luria Bertani agar plates after 3 days of culturing. The bar values with a letter in common are not significantly different from each other according to the Fisher's protected LSD (P = 0.05). Actinovate AG = Streptomyces lydicus, strain WYEC 108; Cx-9030 WDG = Bacillus amyloliquefacien, strain D747; Serenade ASO = Bacillus subtili, strain QST 713; and Sonata ASO = Bacillus pumilus, strain QST 2808.
At the crop harvest on 23 September, incidence and severity of bacterial spot on fruit in treated plots were lower than those of control plots (Table 3) . Incidence of the disease in fruit in treated plots ranged from 11.1 (plots treated with Mycoshield 40 WSP prior to the inoculation) to 82.2% (plots treated with ActiGard 50 WG plus Kocide-3000 41.6 DF post-inoculation) compared to that of control plots 88.9%. Severity of the disease on fruit in treated plots ranged from 0.07 (plots treated with Phyton-016B prior to the inoculation) to 3.97% (plots treated with AgriMycin 17 DF), whereas severity of the disease in control plots was 4.33%. Severity of bacterial spot on fruit was 0.20 and 1.43% in the plots treated with Mycoshield 40 WSP prior to and post inoculation respectively.
Twelve days prior to harvesting crops on 23 September and at harvest, severity of bacterial spot on leaves was significantly lower (P = 0.0001) in the plots sprayed with biocontrol agents than that of control plots in 2012 (Table 4) . Incidence of bacterial spot on fruit in treated plots ranged from 0.0% (Regalia) to 59.4% (Actinovate AG), compared to the incidence of the disease in control plots (88.9%). Severity of the disease on fruit in treated plots ranged from 0.0% (Regalia) to 3.97% (CX-9030 WDG plus Cueva FL), whereas severity of the diseases in control plots was 4.33% (Table 4) .
There were significantly lower severity of bacterial spot on leaves (P = 0.0003) and lower incidence of bacterial spot on fruit (P = 0.0003) in the plots treated with chemical compounds and biocontrol agents compared to those of control plots in 2013 (Table 5) . Also, severity of bacterial spot on fruit in most of the treated plots was significantly lower than that of control plots. There were no significant differences in severity of bacterial spot on leaves in the plots that received pre-inoculation treatments and post-inoculation treatments. Similarly, there were no significant differences in the incidence of bacterial spot on fruit in the plots received pre-inoculation treatments and post-inoculation treatments, except plots treated with Badge X2 DF which preinoculated plots had significantly lower incidence of fruit infection than that of post-inoculated plots. Lowest disease severity on leaves, disease incidence on fruit, and disease severity on fruit were in the plots that received pre-inoculation treatment with Cuprofix Ultra 40 DF, pre-inoculation treatment with Badge X2 DF, and pre-inoculation treatment with ActiGard 50 WG plus Kocide-3000 46.1 DF, respectively (Table 5) . w Severity = percent affected area of fruit.
x In each column, values with a letter in common are not significantly different from each other according to the Fisher's protected LSD (P = 0.05). y Pre = plants were treated on 19 July (3 days prior to inoculation with X. cucurbitae) and on 26 July, 2 August, 9 August, 16 August, 23 August, 30 August, and 6 September. z Post = plants were treated on 26 July (3 days post inoculation with X. cucurbitae) and on 2 August, 9 August, 16 August, 23 August, 30 August, and 6 September.
CONCLUSIONS AND RECOMMENDATIONS
There were significant differences among the EC 50 values of the chemical compounds tested in NB and CYE, but the values from the two culture media were highly correlated (R 2 = 0.97, P = 0.05). Thus, using either culture medium to assess effective concentration of the chemical compounds may follow a similar trend. Using other culture media may produce similar results.
Among chemical compounds tested, Mycoshield 40 WSP, Cuprofix Ultra 40 DF, and Kocide-3000 41.6 DF were effective in suppressing X. cucurbitae multiplication in both laboratory and field. Dithane 75 DF was more effective for control of X. cucurbitae in the laboratory tests than in the field trials. Serenade ASO was effective in suppressing X. cucurbitae multiplication in both laboratory and field, whereas Regalia (a plant defense activator) was effective in the field. Overall, testing chemical compounds and biocontrol agents in laboratory provides some preliminary information for their effectiveness in the field. But without field evaluation, laboratory tests for determining the efficacy of chemical compounds for management of X. cucurbitae would not be reliable.
Although the incidence and severity of bacterial spot on leaves and fruit were significantly lower in the plots treated with chemical compounds and biocontrol agents, none of the chemical compounds or biocontrol agents tested in this study was highly effective in controlling bacterial spot in pumpkin. Similar results have been reported with Cueva FL, Regalia, Kocide-3000 41.6 DF, and ActiGard 50 WG that they reduced incidence of black rot (X. campestris pv. campestris) in cabbage but did not control it effectively (Lange and Smart 2013) . The results of this study and the results reported by other investigators (Bora and Bhattacharyya 2000; Lange and Smart 2013; Momol et al. 2003; Vidaver and Lambrecht 2004) indicate that more effective bactericides for management of plant bacterial diseases are needed.
Previous investigations have shown that infected leaves provide inoculum for fruit infection (Ravanlou and Babadoost 2015; Williams and Zitter 1996) . In this study, application of chemical compounds and biocontrol agents began at flowering stage of plant growth. By that time, infection of plants by natural inoculum of X. cucurbitae may had taken place, although no visible symptoms were apparent. Thus, we think that X. cucurbitae in leaf can be more effectively controlled by early spray-applications, as leaf infection by X. cucurbitae may take place as early as 4-leaf stage of plants (Ravanlou and Babadoost 2015) . Once the fruit is infected, eradication of the pathogen in fruit is not feasible. Using adjuvants with chemical compound may increase efficacy of chemicals for control of fruit infection by X. cucurbitae. Additional investigations on treatments with chemical and biocontrol agents for control of X. cucurbitae in pumpkin are needed.
Most bacterial diseases of plants are managed using integrated strategies (Bora and Bhattacharyya 2000; Jurgens and Babadoost 2013; Menkissoglu and Lindow 1991; Momol et al. 2003; Roberts et al. 2008; Vidaver and Lambrecht 2004) . Integrated approaches using chemical compounds and/or biocontrol agents with other methods (e.g., using compounds to induce resistance in plants, crop rotation, seed treatment, and planting resistant cultivars) should be considered for effective management of the X. cucurbitae in pumpkin. In this study, we tested ActiGard 50 WG and Regalia -both capable of triggering plant defense system according to their labels and our observation (Babadoost, unpublished data) . Application of these compounds during early growing stages of plants and together with spray applications of copper compounds (e.g., Kocide-3000 41.6 DF and Cuprofix Ultra 40 DF) may be more effective for control of this disease in pumpkin. In addition, a 3-year crop rotation with non-cucurbit crops (Babadoost, unpublished data) and application of the most effective chemical compounds (e.g., Kocide-3000 41.6 DF or Mycoshield 40 WSP) may further reduce disease incidence and severity caused by X. cucurbitae. Since X. cucurbitae is a seedborne pathogen, developing and implementing effective seed treatment would reduce initial inoculum of the pathogen. Investigations are underway to develop effective seed treatment to eradicate X. cucurbitae in the seed. For developing effective strategies for management of bacterial spot, identifying/ developing resistant cultivars of pumpkin is also needed. Most of the bacterial diseases of plants are managed using integrated strategies (Bora and Bhattacharyya 2000; Jurgens and Babadoost 2013; Menkissoglu and Lindow 1991; Momol et al. 2003; Roberts et al. 2008; Vidaver and Lambrecht 2004) . t Percent symptomatic area of leaves. Severity of the disease was assessed on 15 September (10 days before harvesting plots). u Incidence = percent symptomatic fruit. Incidence of the disease was assessed at harvest of plots on 25 September. v Severity = percent affected area of fruit. Severity of the disease was assessed at harvest of plots on 25 September. w In each column, values with a letter in common are not significantly different from each other according to the Fisher's protected LSD (P = 0.05).
x Pre = plants were treated on 24 July (3 days prior to inoculation of plants with X. cucurbitae) and on 30 July, 6 August, 13 August, 20 August, 27 August, 3 September, and 10 September. y Post = plants were treated on 30 July (3 days after inoculation of plants with X. cucurbitae) and on 6 August, 13 August, 20 August, 27 August, 3
September, and 10 September. z Cueva was sprayed at the rate of 2.37 liter/ha for first three applications (24 July, 30 July, 6 August) and 4.27 liter/ha for the remaining applications (13 August, 20 August, 27 August, 3 September, 10 September).
